INTRODUCTION
The basic thermal properties of a cigarette such as effective thermal conductivity, specific heat and thermal diffusivity play an important role in the temperature distribution or heating rate of tobacco shreds inside a smouldering cigarette (1) . The thermal properties of tobacco leaves have been studied to some extent previously (2-7) but mainly as a function of moisture content in connection with the curing or freeze-drying processes of tobaccos. There is little available information, however, in the literature on those of the cigarette itself. Such data are required for solving the heat-transfer problems of a smouldering cigarette. For this reason, determinations of effective thermal conductivity and thermal diffusivity of tobacco shreds packed into columns simulating cigarettes were made on various types of tobaccos over a wide range of packing fraction. Results have shown that the effective thermal conductivity of t.obacco shreds could be uniformly expressed by an experimental formula, as a function of the total void fraction inside the column regardless of tot>acco types and stalk positions.
MATERIALS AND METHODS

Materials
Properties of the sample tobaccos are listed in Table 1 . Tobacco leaves were cut into shreds of 0.65 mm wide, and an aliquot was ground to fine powder. After conditioning at 20 °C and 60°/o relative humidity, the shreds were used for the measurement of effective thermal conductivity and density, and the powders were used for the measurement of specific heat.
• Received: 19th February 1979-accepted: 16th May 1979. PART I, entitled "Influence of continuous puff velocity on combustion rate, temperature and temperature distribution in cigarettes", appeared in the Journal of the Agricultural Chemical Society of Japan, Vol. 46 {1972), pp. 569-575, and in Heat Transfer I Japanese Research (U.S.A.), Vol. 2 (1973), pp. 7-20. PART 11, entitled "Consumption of oxygen and heat evolved during natural smolder of a cigarette", appeared in tbe Journal of the Chemical Society of Japan, Chemistry and Industrial Chemistry, 1978, pp. 1441-1448.
Measurement of Effective Thermal Conductivity
A number of procedures is used for measuring the thermal conductivity of materials. Among these, the transient hotwire method is especially useful for materials of low thermal conductivity. By this method, thermal conductivity can be easily measured in a short elapsed time using simply constructed equipment (8). The transient method was therefore selected to measure the effective thermal conductivity of the shreds packed in the simulated cigarette columns. A schematic diagram of the apparatus is shown in Fig.t . Anichrome wire (diameter: 0.1 mm, resistance: 1.428 ohm/ cm) was used as a line heater, and a chromel-alumel thermocouple (diameter 0.1 mm) was firmly attached to the wire by spot welding. The heater wire was positioned along the central axis of a cylindrical vessel (30 mm diameter, 60 mm high) made of acrylic plastic, with holes for the thermocouple. The thermocouple junction was centered in the column as shown in Fig. 1 . A specific quantity of conditioned, previously weighed tobacco shred was packed into the column from both ends as [2] where S slope of the straight line ( 0 C), I electric current passed through the heater wire (mA), R = resistance of the heater wire (ohm/cm).
Effective thermal conductivity was determined as a function of packing fraction. All measurements were conducted 18 at room conditions of 20 °C and 60 Ofo relative humidity, utilizing three sets of columns packed with shred. Measurements were repeated at least three times for each column, and the average was reported as the experimental value.
Measurement of Specific Heat i
Specific heat was measured by means of a differential scanning calorimeter (DSC/Rigaku Denki Co., Model TG-DSC 8085-01). Acceptability of this equipment for determining the specific heat of tobacco has been demonstrated by Chakrabarti et al. (6) . The calorimeter was scanned from 45 °C to 105 °C at a constant heating rate of 5°/min with a sensitivity of + 2 mcall s. The upper limit of the scanning temperature was selected by considering the thermostability of tobacco and stability of the base line obtained. Other details of the measuring procedure were essentially the same as those described by Chakrabarti et al. (6) except for the use of a-alumina as the reference material for specific heat instead of sapphire. Determinations of specific heat were made not only on conditioned tobacco but also on bone-dry tobacco, on residual char left after the pyrolysis of tobacco (heated in helium up to 500 °C at a rate of 10°/min) and ash obtained by conventional methods (9) . All experiments were repeated at least four times using two sets of sample pans.
Determination of Thermal Diffusivity
Thermal diffusivity ([a] = cm 2 /s) of shred packed into the column was calculated according to the following relation:
a Kef(QpCp) [3] where Qp packing density of the shred packed into the column (g/cm3), Cp specific heat of shred (cal/(g 0 C)).
Determination of Packing Fraction and Measurements of Real and Apparent Shred Density
Packing fraction (1 -e) of the shred packed into the column was determined according to the following equation: [5]
The values of llr• !.la and P are shown in the third, fourth and fifth columns of Table 1 .
EXPERIMENTAL RESULTS AND DISCUSSIONS
Effective Thermal Conductivity
Applicability of the hot-wire method for measurement of effective thermal conductivity of tobacco shreds, as well as the experimental conditions and accuracy of the method, was first examined. Fig. 2 shows typical plots of t~mperature rise (L\ T) of the heater wire versus the logarithm of elapsed time (ln t) obtained with electrical currents of 60, 80 and 100 mA for the shred of Bright tobacco (B) with a packing fraction of 0.34. Each plot gave a straight line, satisfying the relation expressed by equation 1. However, if elapsed time were prolonged (even though such a case was not shown in Fig. 2) , the linearity of the plot would be interrupted because of the finiteness of sample size. Therefore, it was considered preferable to determine the effective thermal conductivity within a short elapsed time. In this work, the effective thermal conductivity value was calculated from the slope ranging in elapsed time from 15 to 60 seconds by reference to a theoretical study (8) of the elapsed time range that would satisfy equation 1. Fig. 3 shows the relationship between the electric current supplied to the heater wire and the effective thermal conductivity value, and also indicates the range of scatter in measured values in terms of the standard deviation. As can be seen from Fig. 3 , the measured value was independent of the electric current within the range examined (40-140 mA), and the reproducibility of each value was invariably good. On the basis of these results, subsequent measurements were carried out under an electric current of SOmA. In addition, the accuracy of the measurement was checked by using plates (20 X 200 X 200 mm) of polyurethane foam and silicone rubber of known thermal conductivity (calibrated at EKO Instruments Trading Co., Ltd.). Table2 compares the specified thermal conductivity values of these materials with values obtained by sandwiching the heater· wire between mated halves of the sample. The measured and specified values agree within an error of less than 6 Ofo. Relation between the electric current supplied and the value of effective thermal conductivity observed. Dependence of the effective thermal conductivity of tobacco shreds on the packing fraction. It is clear from Figures 3 and 4 and Table 2 that the hotwire method is applicable to the measurement of effective thermal conductivity of tobacco shred packed into columns and that the accuracy of the measurement is sufficient for practical use. The effective thermal conductivities of the conditioned sample tobacco shreds measured at 20 °C as a function of packing fraction (1 -e) are summarized in Fig. 4 . Without exception, the effective thermal conductivity rose with an increase in packing fraction. At the same packing fraction, shreds of Bright and upper leaves had higher effective thermal conductivities than other shreds. In contrast, these shreds tended to have lower porosities, as shown in Table 1 . Such differences in effective thermal conductivity might be primarily dependent on the porosity of the shred or on the total void spaces inside the column, as will be demonstrated below.
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It is well known that overall heat transfer in packed beds 
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or porous materials arises not only from conduction in a solid itself but also from conduction, radiation and convection in void spaces. Therefore, effective thermal conductivity comprehensively includes the combined mechanisms of heat transfer in both phases. Kunii (11) presented the following equation, which made it possible to interpret the influences of void fraction and temperature on the effective thermal conductivity of highly porous materials: [6] where thermal conductivity of solid and gas (cal/(cms 0 C)), heat transfer coefficient of radiation (cal/(cm 2 s 0 C)), correction factor, average diameter of void space (cm).
Since heat transfer by radiation may be negligibly small at a low temperature in the vicinity of room temperature, equation 6 can be simplified as follows: Ke = (1 -e213) KsC +Kg 8 113 8 113 [7] Equation 7 suggests that a plot of K 6 / e113 versus (1 -e213) / et/3 gives a straight line with a slope of Ks C and an intercept of Kg. Tobacco shred packed into a column can be considered a type of porous material. Therefore, by replacing the void fraction (e) inside the column packed with shreds with the total void fraction (Et) which corresponds to the void fraction of porous material defined by equation 8 (i.e. by considering the pores of the shreds also to be void), the experimental results shown in Relation between specific heat and temperature. Temperature ('C)
7.56 · 10-4 and an intercept of Kg = 1.08 · 10-4 • Thus, the effective thermal conductivity of conditioned shreds padted into the column was uniformly expressed as a function of total void (et) regardless of tobacco types and stalk positions, as given by equation 9:
The value of Kg obtained was approximately 1.7 times greater than that of thermal conductivity of air, suggesting that the heat transfer in the void would be greater than that expected from the thermal conductivity of air probably because of convection, mass transfer of vapour, etc. in the void space. Although the effective thermal conductivity values obtained in this work could not be directly compared with data previously presented by Samfield et al. ( 4) because of the ladt of void fraction data in their paper, both values were of the same order of magnitude.
Specific Heat
Dependence of specific heats of various kinds of tobacco, char, and ash on temperature are shown in Fig. 6 . The specific heat of every sample examined increased almost linearly with temperature, especially for tobacco. Bright tobacco showed appreciably higher specific heat than aircured types (Burley, Matsukawa), while specific heats of char and ash seemed to be no longer dependent on the original tobacco type. The specific heat of dried Bright tobacco agreed very closely with that reported by Chakrabarti et al. (6) , and the dried Burley and Matsukawa tobaccos were in fair agreement with those of the dried woods {12) given by equation 10:
where T = temperature ( 0 C).
On the other hand, specific heat of each conditioned tobacco was considerably higher than that calculated by ~he .. method of mixture" (6) , similarly to the results reported by Brock et al. (3) and Chakrabarti et al. (6) .
Thermal Diffusivity
Thermal diffusivity at 20 °C of the conditioned shred padted into the column was calculated using the values of effective thermal conductivity, specific heat and padting density. The value of specific heat at 20 °C used for the calculation was estimated by extrapolating the linear plot of the specific heat of conditioned tobacco versus temperature shown in Fig. 6 . Plots of thermal diffusivity versus padting fraction (1 -e) were prepared for each tobacco shred sample. Typical plots are shown in Fig. 7 . It became apparent that the padting fraction exerted a pronounced influence on the thermal diffusivity, and at the same padting fraction, shreds of air-cured types had higher thermal diffusivities than flue-cured types. Until this study was conducted, thermal properties of tobacco shreds packed into columns had been studied mainly as a function of padting fraction. Results obtained through this study permit the evaluation of the thermal Thermal properties at 20 "C of conditioned shreds at a packing fraction of 0.34. properties of a cigarette, which are useful for solving certain heat-transfer problems occurring inside a smouldering cigarette. The packing fraction of tobacco shred is not widely different among commercially available cigarettes, generally in the range of 0.30-0.36. Therefore, the values of effective thermal conductivity and thermal diffusivity at 20 °C of the conditioned shred samples at a packing fraction of 0.34 are summarized in Table 3 , together with extrapolated specific heats and packing densities.
SUMMARY
The values of effective thermal conductivity, specific heat and thermal diffusivity of various kinds of tobacco shreds, which are necessary for the solution of heat transfer problems of a smouldering cigarette, were determined. Effective thermal conductivity of tobacco shred packed into simulated cigarette columns was measured by a transient hot-wire method as a function of packing fraction at conditions of 20°C and 600/o relative humidity. Specific heat was measured with the aid of a differential scanning calorimeter (DSC). The thermal diffusivity was obtained from the values of effective thermal conductivity, specific heat and packing density. Effective thermal conductivity increased with increasing packing fraction (1 -e) and was uniformly expressed as a function of the total void fraction (et) inside the column regardless of tobacco types and· stalk positions, whereas thermal diffusivity decreased with the packing fraction.
At the same packing fraction, Bright shreds produced higher values of effective thermal conductivity as well as higher specific heats (although specific heat was independent of the packing fraction) but had lower thermal diffusivity values than Burley and Matsukawa shreds.
ZUSAMMENFASSUNG
Es wird iiber die Bestimmung der effektiven Warmeleitfahigkeit, der spezifischen Warme und der Temperaturleitfahigkeit verschiedener Arten von Tabakfasern berichtet. Die Kenntnis dieser GroBen ist notwendig zur 22 
